BACKGROUND & AIMS:
Previous studies have suggested that iron absorption in suckling mammals is refractory to stimuli that normally would decrease absorption in adults. To better understand the regulation of iron absorption during suckling, we have characterized the relationship between hepcidin, ferroportin, and iron absorption at this crucial stage of life.
METHODS:
To determine whether ferroportin is involved in iron absorption during suckling, absorption was measured in intestinespecific ferroportin knockout mice. The effect of constitutive hepcidin overexpression on intestinal iron absorption also was investigated in suckling transmembrane serine protease 6 knockout mice. Finally, suckling mice were injected with lipopolysaccharide to induce hepcidin expression. Blood was collected for serum iron analysis, and liver tissue and duodenal enterocytes were collected for gene and protein expression profiles.
RESULTS:
Iron absorption was very low in suckling ferroportin knockout mice, indicating that ferroportin is responsible for the majority of the iron absorbed at this time. However, increases in hepcidin during suckling, as seen in transmembrane serine protease 6 knockout mice and in mice injected with lipopolysaccharide, did not affect enterocyte ferroportin levels. Immunofluorescent localization of ferroportin showed that the protein localized to the basolateral membrane of duodenal enterocytes in both suckling and weaned mice.
CONCLUSIONS: These data show that the high iron absorption occurring during suckling is mediated by ferroportin. However, enterocyte ferroportin is hyporesponsive to hepcidin at this time, despite being expressed on the basolateral membrane. Alterations to ferroportin that prevent hepcidin binding during suckling may allow iron absorption to remain high regardless of hepcidin expression levels, reducing the likelihood of iron deficiency during development. A n adequate supply of iron is crucial for mammalian health, but is particularly important for the rapid growth that occurs during the suckling period immediately after birth. 1, 2 Suboptimal iron levels during this time can lead to permanent cognitive and psychomotor impairment that often cannot be reversed by subsequent iron treatment. 3 To protect against this, maternal iron transfer to the developing fetus increases toward the end of gestation such that full-term mammals are well endowed with iron. 4, 5 In addition, although breast milk has a relatively low iron content, intestinal iron absorption by the suckling intestine is generally far more efficient than in weaned mammals. 1 This is evident most clearly in rodents, with numerous studies showing that the percentage of iron absorbed from a test dose decreases from more than 80% during suckling to approximately 10%-20% shortly after weaning. [6] [7] [8] [9] [10] The reason for this decrease, however, is unclear because there is no obvious change in iron stores or growth rate, 8 making it unlikely that alterations in body iron demand are responsible.
Although the mechanisms underlying the increased dietary iron intake in suckling infants are unclear, the pathways involved in the absorption of iron and its regulation in adults are relatively well defined. In weaned mammals, dietary iron is absorbed predominantly by the enterocytes of the duodenum and upper jejunum, and is transported across the brush-border membrane and into these cells by the iron import protein divalent metal-ion transporter 1. 11,12 If required by the body, the iron then is exported across the basolateral membrane and released into the extracellular fluid by the iron transporter ferroportin. [13] [14] [15] The export of iron from enterocytes generally is considered to be the ratelimiting step in iron absorption, 16 and it is at this point that the amount of iron entering the body is tightly regulated by the iron regulatory hormone hepcidin. 17 This peptide is produced by the liver in response to alterations in body iron demand and secreted into the circulation, where it inhibits the release of iron from various cells, including enterocytes, by binding to ferroportin and triggering its internalization and degradation. 18 Thus, hepcidin is a negative regulator of iron absorption. Various stimuli affect the production of hepcidin. Those associated with an increase in iron demand, for example, iron deficiency 19 and increased red blood cell production, 20 inhibit hepcidin synthesis, whereas stimuli that reduce iron absorption, such as iron loading 19 and inflammation, 20 increase hepcidin expression. Despite extensive data showing the importance of the hepcidin/ferroportin axis in maintaining iron homeostasis in adults, the role of this regulatory pathway during suckling is unclear. A study performed in human infants has shown that iron supplementation has no effect on dietary iron absorption at 6 months of age, while reducing absorption in 9-month-old infants. 21 Another study showed that iron supplements provided at 4-6 months of age increased hemoglobin concentration regardless of the initial iron status of the infant, whereas supplements at 9 months of age did not affect hemoglobin levels in iron-replete children. 22 These studies suggested that the normal regulatory mechanisms controlling dietary iron absorption are not active in the immature intestine. Further evidence for this lack of regulation comes from studies in rats. We and others have shown that iron absorption in suckling rats is hyporesponsive to stimuli that normally would decrease iron absorption, such as iron loading and inflammation, despite increasing hepatic hepcidin expression. 10, 23 We also were unable to detect ferroportin protein in suckling rat enterocytes despite high intestinal absorption, 10 suggesting that ferroportin-independent pathways predominate at this time. In contrast, a study using ferroportin knockout mice showed that pups lacking intestinal ferroportin were paler that wild-type littermates late in the suckling period, 24 although detailed absorption studies were not performed, leaving the role of ferroportin unclear.
To understand mechanisms of iron absorption at this critical stage of life, there is a need to define the roles of ferroportin and hepcidin in suckling mammals. To investigate this, we used mouse models to extend our previous studies in rats. In the current study we show that, not only is the ferroportin protein detectable in suckling mouse enterocytes, it is essential for the high iron absorption that occurs at this time. However, ferroportin, and therefore iron absorption, remain hyporesponsive to the inhibitory effect of circulating hepcidin.
Materials and Methods

Animals
C57BL/6 mice were obtained from the Animal Resources Centre (Perth, Australia) as pregnant dams or as lactating dams with pups. Mice lacking ferroportin specifically in enterocytes were produced by crossing ferroportin floxed mice 24 with vil-Cre-ER T2 mice 25 (both on a C57BL/6 background), which express tamoxifen-inducible Cre recombinase under the expression of the villin promoter. Cre recombinase expression was induced in these mice by injecting tamoxifen (75 mg/g body weight) subcutaneously at 7 days of age. Ferroportin floxed littermates lacking Cre recombinase also were injected with tamoxifen and used to obtain control samples. Homozygous transmembrane serine protease 6 (Tmprss6) knockout mice 26 on a C57BL/6 background were used as a model of constitutively high hepcidin production. Both wild-type and heterozygous littermates were used as controls because we observed no phenotypic differences between these genotypes. In all experiments, mice were allowed unlimited access to a standard pellet diet (120 mg Fe/kg; Norco Stockfeeds, South Lismore, Australia) and water unless otherwise described. Results from male and female mice were pooled for all studies because gender differences were minor at the ages examined and had no effect on key comparisons or on the data interpretation. All pups were weaned at 21 days of age. In some studies, pups were weaned onto an iron-deficient diet based on AIN93G (1 mg Fe/kg, 27 SF01-017; Specialty Feeds, Glen Forrest, Australia). Control animals for these studies were weaned onto a control diet (68 mg Fe/kg, AIN93G; Specialty Feeds). Some mice were injected intraperitoneally with 1 mg/kg lipopolysaccharide (LPS) (from Escherichia coli 0111:B4; Sigma-Aldrich, Sydney, Australia) to induce an acute phase response because this is known to stimulate hepcidin production. LPS-treated mice were killed 4 hours after injection. In all studies, suckling mice were euthanized at 15 days of age and weaned animals at 25-28 days of age. Before euthanasia, mice used for tissue collection were anesthetized (200 mg/kg ketamine, 10 mg/ kg xylazine) and blood was withdrawn by cardiac puncture and allowed to clot for serum iron determination as described later. After euthanasia, liver tissue was snap frozen in liquid nitrogen for gene expression analysis. Intestinal enterocytes were isolated as described later and snap frozen in liquid nitrogen for RNA and protein expression studies. In some studies, duodenal tissue was formalin-fixed and paraffinembedded for use in immunofluorescence analysis. All experimental procedures were approved by the QIMR Berghofer Medical Research Institute Animal Ethics Committee.
Isolation of Intestinal Enterocytes
A section of the proximal small intestine immediately distal to the pylorus (2 cm for suckling mice and 3 cm for postweaned animals) was excised from euthanized mice and the intestine was cut longitudinally and rinsed with ice-cold phosphate-buffered saline (PBS). The tissue then was transferred to a 10-mL tube containing 4 mL PBS plus 1.5 mmol/L EDTA, 500 mmol/L phenylmethylsulfonyl fluoride, and cOmplete Protease Inhibitor Cocktail (Roche Diagnostics Australia, Castle Hill, Australia), and mixed by inversion for 30 minutes at 4 C. Residual tissue was removed and the isolated enterocytes were washed with ice-cold PBS before being snap frozen in liquid nitrogen.
Measurement of Dietary Iron Absorption
Dietary iron absorption was determined with 59 Fe using 2 methods. For both methods, mice were fasted for 4 hours before dosing. The first method has been described previously. 28 Fasted mice were gavaged with 10 mmol/L HCl containing 200 mmol/L ferrous sulfate and 3 mCi 59 FeCl 3 (PerkinElmer, Glen Waverley, Australia). The total gavage volume was 50 mL for pups and 100 mL for postweaned animals. The amount of radioactivity in each animal was determined immediately after dosing using a Ram DA Counter with a PM-11 tube (Rotem Industries, Arava, Israel). The mice then were allowed unrestricted access to food or returned to their mothers. After 5 days, the amount of radioactivity remaining in each mouse was determined as described earlier and the proportion of 59 Fe absorbed from the test dose was calculated by dividing the radioactivity in the mouse after 5 days by the initial radioactivity for that animal. For the second method, fasted mice were gavaged with 59 Fe as described earlier. After 90 minutes, the mice were anesthetized (200 mg/kg ketamine, 10 mg/kg xylazine), euthanized by cervical dislocation, and the entire gastrointestinal tract from the esophagus to the distal colon was removed. The amount of radioactivity in the carcass and in the carcass plus the gastrointestinal tract was measured as described earlier. During the 90-minute time frame of the experiment, no 59 Fe was detected in the feces or bedding, indicating that the entire test dose was contained within the animal. The proportion of 59 Fe from the test dose transferred to the body was calculated by dividing the radioactivity in the carcass alone by the radioactivity in the carcass plus the gastrointestinal tract.
Determination of Serum Iron Levels
Serum iron levels were determined using the Iron/TIBC Reagent Kit (Pointe Scientific, Canton, MI). The volume of each reagent used was reduced 20-fold from that recommended by the manufacturer to allow the assay to be performed in a microtiter plate and to use a much smaller volume of serum.
RNA Extraction and Gene Expression Analysis
RNA was extracted from liver samples using TRIzol reagent (ThermoFisher Scientific, Scoresby, Australia) as per the manufacturer's instructions. RNA quality was confirmed by formaldehyde gel electrophoresis and UV spectroscopy, and 500 ng of RNA from each sample was used to synthesize complementary DNA (cDNA) using Superscript III Reverse Transcriptase (ThermoFisher Scientific) and an oligo deoxythymidine primer as per the manufacturer's instructions. A standard curve also was established using a 5-fold dilution series of RNA ranging from 3.2 to 2000 ng per reaction along with minus Superscript III and minus template negative controls. The 20-mL cDNA samples then were diluted to 500 mL with 10 mmol/L Tris-HCl pH 7.5 and stored at -20 C. Gene expression analysis using real-time polymerase chain reaction (PCR) was performed by adding 3 mL of each cDNA sample (or standard or negative control) to a PCR reaction mix to produce a final volume of 10 mL containing 1Â LightCycler 480 SYBR Green I Master (Roche Diagnostics Australia) and 500 nmol/L of the appropriate forward and reverse primers. PCR products for each primer set were sequenced to ensure that the correct product was amplified. Each PCR reaction was performed in triplicate in 384-well plates on a LightCycler 480 real-time PCR machine (Roche Diagnostics Australia) using the following cycling conditions: 95 C for 10 minutes, and 45 cycles of 95 C for 10 seconds, 62 C for 10 seconds, and 72 C for 10 seconds. The PCR cycle was followed by melt curve analysis (65 C for 1 minute followed by an increase to 97 C with a ramp rate of 0.11 C/s and 5 acquisitions per degree) to ensure a single PCR product. The gene expression in each sample then was determined by comparing its C t with the standard curve. The PCR was not accepted if the efficiency of the standard curve was not between 1.8 and 2.2. Gene expression data were normalized to the expression of the housekeeping gene hypoxanthine guanine phosphoribosyl transferase (Hprt). The PCR primers used were as follows: Hamp1 forward: AGAGCTGCAGCCTTTGCAC; Hamp1 reverse: ACACTGGGAATTGTTACAGCATT; Hprt forward: GGACTGAT-TATGGACAGGA; Hprt reverse: GAGGGCCACAATGTGATG; serum amyloid A1 (Saa1) forward: AGAGGACATGAGGACAC-CAT; Saa1 reverse: CAGGAGGTCTGTAGTAATTGG.
Measurement of Serum Hepcidin1 Concentration
Serum hepcidin1 concentration was determined using the Hepcidin Murine-Complete Enzyme-Linked Immunosorbent Assay Kit (Intrinsic LifeSciences, La Jolla, CA) as per the manufacturer's instructions.
Analysis of Ferroportin Protein Expression by Western Blot
Protein was extracted from isolated enterocytes by lysis in 10 volumes of triple-detergent buffer (50 mmol/L TrisHCl [pH 8.0], 150 mmol/L NaCl, 0.1% sodium dodecyl sulfate [SDS], 1% NP-40, and 0.5% sodium deoxycholate) containing fresh cOmplete Protease Inhibitor Cocktail (Roche Diagnostics Australia). The solution was incubated on ice for 30 minutes before being centrifuged at 16,000g for 5 minutes at 4 C. The supernatant was collected and the protein concentration was determined using the bicinchoninic acid assay. For Western blot, 50 mg of total protein was mixed with SDS loading buffer (final concentration, 50 mmol/L Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 0.1% bromophenol blue, and 5% b-mercaptoethanol) and incubated at room temperature for 5 minutes before being run on a 10% SDS polyacrylamide gel. After electrophoresis, the protein was transferred to an Immobilon-FL polyvinylidene difluoride transfer membrane (Merck Millipore, Bayswater, Australia). The membrane then was incubated in Odyssey Blocking Buffer (LI-COR Biotechnology, Lincoln, NE) for 1 hour at room temperature. All incubations were performed with constant gentle agitation. The blocking step was followed by incubation of the membrane with Odyssey Blocking Buffer (LI-COR Biotechnology) plus 0. 
Immunofluorescent Localization of Ferroportin Protein
Tissue sections were stained for ferroportin protein using the following protocol. Paraffin sections of formalinfixed duodenal tissue were dewaxed and rehydrated using a Leica Autostainer XL (Leica Microsystems, North Ryde, Australia). Slides then were transferred to 10 mmol/L citrate buffer plus 0.05% Tween-20, pH 6.0, and maintained at 95
C-99 C for 20 minutes to facilitate antigen retrieval. Slides were allowed to cool in antigen retrieval buffer before being washed with PBS (3 Â 5 min, at room temperature). The slides then were incubated in freshly prepared 50 mmol/L glycine/50 mmol/L ammonium chloride (15 min, at room temperature) to remove endogenous fluorescence. Blocking was achieved by incubating the slides in 10% fluorescence dilution buffer (FDB) (PBS containing 1 mmol/ L CaCl 2 , 1 mmol/L MgCl 2 , 5% goat serum, 5% fetal bovine serum, and 2% bovine serum albumin, for 1 hour, at room temperature). The primary antibody (rabbit antiferroportin antibody, 28 1:500) in 1.5% FDB in PBS was added to each slide and the sections were incubated overnight at 4 C in a humidified chamber. The slides were washed with PBS (3 Â 5 min, at room temperature) before the secondary antibody (goat anti-rabbit IgG [H þ L] secondary antibody, Alexa Fluor 594 conjugate, 1:500; ThermoFisher Scientific) in 1.5% FDB in PBS was added to each slide and the sections were incubated for 30 minutes at room temperature in a humidified chamber. The slides were washed with PBS (3 Â 5 min, at room temperature) before the nuclei were stained using 4',6-diamidine-2'-phenylindole dihydrochloride (1:10,000, 5 min, at room temperature; Roche Diagnostics, Australia) in PBS. After PBS washes (3 Â 5 min, at room temperature), the slides were mounted using ProLong Gold Antifade Mountant (ThermoFisher Scientific) and visualized using a LSM 780-NLO confocal microscope (Zeiss, North Ryde, Australia).
Statistics
All values are expressed as means ± SEM. The equality of the variances was determined using the Levene test. Statistical differences between means were calculated by analysis of variance followed by either the Tukey post hoc test for samples with equal variances or the Games-Howell post hoc test for samples with unequal variances using IBM SPSS Statistics software (IBM Australia, St Leonards, Australia). A P value of less than .05 was considered significant.
Results
Intestinal Iron Absorption Is Increased During Suckling in Mice and Correlates With Reduced Hepcidin Expression
Previous studies in human beings and rats have suggested that the well-characterized hepcidin/ferroportin axis that regulates dietary iron absorption in adults may not be functional in suckling mammals. 10, [21] [22] [23] To study this further, we have characterized iron absorption in suckling mice to ensure that the mouse is a suitable model to study this phenomenon. Similar to rats, we found that intestinal iron absorption was very high in suckling mice, and decreased rapidly to normal adult levels shortly after weaning (91% vs 8% absorption for suckling and weaned mice, respectively), when measured using our standard 5-day absorption assay ( Figure 1A) . However, there is evidence suggesting that the turnover of enterocytes is much slower in suckling mammals, 29 potentially increasing the functional lifespan of the enterocytes. This would make it difficult to obtain definitive information on the mechanism underlying the enhanced iron absorption of suckling because either an increased rate of iron absorption or a slower release of iron from enterocytes over a longer period of time could lead to the same effect. However, by studying absorption over both 90 minutes and 5 days we could discriminate between these 2 possibilities. We found no significant difference in the amount of iron absorbed using either time period ( Figure 1A) , which indicates that most of the iron was absorbed within the first 90 minutes. Consequently, 90-minute absorption measurements were used for subsequent experiments unless otherwise indicated.
The hepatic expression of the hepcidin antimicrobial peptide 1 (Hamp1) gene, which encodes the functional hepcidin peptide in mice, was very low in suckling mice compared with recently weaned animals (the value in suckling mice was 6% of the weaned mouse value) ( Figure 1B) . Again, this is similar to our previous expression studies in rats and is not surprising given the inhibitory effect of hepcidin on iron absorption. However, unlike our previous data, we were able to detect ferroportin protein in duodenal cell isolates from suckling mice ( Figure 1C and D) . Duodenal ferroportin protein levels were similar in suckling and weaned animals, despite the increased iron absorption that was seen at the younger time point. In addition, the normally broad ferroportin band found in adult intestinal cells was slightly smaller in protein samples extracted from 15-day-old mouse enterocytes. These results indicate that the mouse is an appropriate model for examining the molecular basis of intestinal iron absorption and its regulation during suckling, although the failure to show increased ferroportin protein expression in the gut during suckling suggests that ferroportin-independent mechanisms may mediate iron transfer to the body at this time.
Intestinal Iron Absorption in Suckling Mice Is Dependent on the Iron Export Protein Ferroportin
To determine the extent of ferroportin involvement in dietary iron absorption during suckling, we examined the absorption of radioactive iron in both suckling and weaned animals lacking ferroportin specifically in intestinal enterocytes. Western blot analysis showed no major band corresponding to ferroportin in enterocytes isolated from knockout mice at either age, confirming both the success of the Cre induction and the specificity of the ferroportin antibody (Figure 2A) . Loss of enterocyte ferroportin caused a significant decrease in 59 Fe absorption from 72.9% to 10.4% of a test dose in suckling mice and from 6.4% to 1.3% of a test dose for weaned animals when measured using the 90-minute absorption assay ( Figure 2B) . Interestingly, the absorption of 59 Fe in wild-type, weaned mice (6.4%) was lower than that of 15-day-old ferroportin knockout mice (10.4%), implying that, although the majority of iron is absorbed via a ferroportin-dependent pathway during suckling, other mechanisms may be responsible for approximately 14% of iron transfer to the body at this time. We have published data previously in rats that indicated that ferroportin in the distal alimentary canal may play a role in iron absorption during suckling. 9 Because the villin promoter, which drives Cre recombinase in our ferroportin knockout mice, is expressed at lower levels in the distal alimentary canal, 30 it is possible that some ferroportin activity may remain in the ileum and colon, and may be responsible for the residual iron absorption in suckling ferroportin knockout mice. To investigate this, we examined the progression of 59 Fe along the gastrointestinal tract in suckling ferroportin knockout mice over the 90-minute absorption assay. We found that, of the 59 Fe remaining in the gastrointestinal tract, approximately 94% had not progressed past the first half of the small intestine, with almost no counts detected in the colon ( Figure 2C ). In addition, a comparison of iron absorption measured using the 90-minute assay ( Figure 2B ) and the 5-day assay showed no significant difference in 15-day-old ferroportin knockout mice ( Figure 2D ). These results show that iron absorption in suckling ferroportin knockout mice is largely complete after 90 minutes when most of the test dose is still in the upper gastrointestinal tract, and that no further absorption occurs as the 59 Fe moves into the more distal regions, implying that the distal gastrointestinal tract is not responsible for the residual iron absorption seen in suckling ferroportin knockout mice. These results also suggest that the increased absorptive capacity in the distal small intestine and colon 9 is not responsible for the high iron absorption that occurs in suckling wild-type mice, because most of the iron is absorbed within 90 minutes and before it reaches the distal gastrointestinal tract.
Intestinal Iron Absorption in Suckling Mice Is Affected Minimally by Increased Hamp1 Expression
Having established that ferroportin is essential for the high iron absorption that occurs during suckling, we examined whether absorption at this time was regulated by hepcidin as it is in adults because our previous data in rats suggested that this was not the case. 10 For these studies, we chose to use the well-characterized Tmprss6 knockout mouse. This mouse strain has constitutively high hepatic hepcidin expression owing to a lack of functional Tmprss6 protein. 26 In this study, the 25-to 28-day-old Tmprss6 knockout and littermate control mice were weaned onto an iron-deficient diet at 21 days of age. This ensured that the weaned animals had a similar level of iron absorption and Hamp1 expression to the suckling mice. A separate group of littermates was weaned onto a control diet with the same basal composition but with a normal iron level.
Expression of hepatic Hamp1 messenger RNA (mRNA) was increased significantly in Tmprss6 knockout mice at both 15 and 25-28 days of age compared with littermate controls, despite the weaned Tmprss6 knockout mice being maintained on an iron-deficient diet ( Figure 3A ). In fact, the level of Hamp1 expression in 25-to 28-day-old Tmprss6 knockout mice on the deficient diet was higher than that seen in littermates weaned onto a control diet. Wild-type Distal GI tract, the cecum and colon; 15d Fpn KO, 15-day-old intestinal-specific ferroportin knockout mice; 15d WT, 15-day-old wild-type littermates; Fpn, ferroportin; GI, gastrointestinal; mid-GI tract, the distal half of the small intestine; proximal GI tract, the stomach and the proximal half of the small intestine; 25-28d Fpn KO, 25-to 28-day-old intestinal-specific ferroportin knockout mice; 25-28d WT, 25-to 28-day-old wild-type littermates.
littermates weaned onto the iron-deficient diet had Hamp1 mRNA levels similar to 15-day-old wild-type littermates. However, when serum hepcidin1 concentration was examined, there was no significant difference between wild-type littermates weaned onto a control diet and Tmprss6 knockout mice at either age despite higher Hamp1 message levels in the later groups ( Figure 3B ). Both Tmprss6 knockout groups were consuming low-iron diets (breast Figure 3 . Intestinal iron absorption, gene and protein expression, and serum iron levels in suckling and weaned Tmprss6 knockout mice. Tissues were taken from 15-day-old Tmprss6 knockout mice or wild-type littermate controls, or from 25-to 28-day-old Tmprss6 knockout mice or wild-type littermate controls that had been weaned onto an iron-deficient diet at 21 days of age. Tissues also were taken from 25-to 28-day-old wild-type littermate controls weaned onto a control diet. milk and iron-deficient diet), suggesting that this somehow inhibits Hamp1 message translation or hepcidin1 processing and secretion. It also implies that intestinal iron absorption should be similar in these 3 groups of mice. When intestinal iron absorption was examined, however, absorption was significantly lower in Tmprss6 knockout mice weaned onto a deficient diet and littermates weaned onto a control diet than in 15-day-old knockouts ( Figure 3C ). This hyporesponsiveness to hepcidin during suckling also was reflected in the analysis of duodenal ferroportin protein, with no change seen in 15-day-old Tmprss6 knockout mice compared with 15-day-old wild-type mice ( Figure 3D ). In contrast, when both Tmprss6 knockout and wild-type mice were weaned onto iron-deficient diets, intestinal ferroportin expression was 11% of wild-type levels in the knockout animals. Interestingly, serum iron levels decreased in Tmprss6 knockout mice at both 15 and 25-28 days of age ( Figure 3E ), suggesting that, although intestinal absorption is hyporesponsive to hepcidin during suckling, the release of iron from other body tissues is regulated by hepcidin as it is in adults.
Ferroportin Protein Localization in the Intestine Is Unchanged in Suckling and Weaned Mice
It is possible that changes in the localization of enterocyte ferroportin during suckling, such that the iron export protein is inaccessible to circulating hepcidin, may explain the lack of regulation seen at this time. Therefore, we examined the localization of ferroportin protein in duodenal sections using immunofluorescence microscopy. We saw no obvious difference in localization, with ferroportin detected on the basolateral surface of enterocytes in both suckling and weaned mice (Figure 4) . The specificity of the antibody for immunofluorescence was confirmed by the lack of specific staining in duodenal sections taken from ferroportin knockout mice. Although these results do not rule out minor changes in ferroportin localization, they suggest that major changes in the localization of ferroportin are unlikely to be responsible for the lack of response to hepcidin in the suckling intestine.
Duodenal Ferroportin Expression Is Unaffected in Suckling Mice Treated With LPS Despite Increased Hamp1 Expression
Stimulation of hepcidin production in adult mice occurs during iron loading 19 and inflammation. 20 Dietary iron loading is unlikely to occur in suckling mammals, however, infections are common at this age. Therefore, we investigated the effect of acute inflammation on intestinal ferroportin expression by injecting LPS into both suckling and weaned mice. After the injection of LPS, the hepatic inflammatory marker Saa1 was increased at least 60-fold in both suckling and weaned mice ( Figure 5A ). Likewise, hepatic Hamp1 expression also was increased in response to LPS treatment, with mRNA levels reaching a similar level in mice of both ages ( Figure 5B ). We were unable to examine intestinal iron absorption directly because LPS treatment reduces gastric motility, 31 delaying the passage of iron into the duodenum and causing much of the 59 Fe delivered to remain in the stomach for the 90-minute assay (data not shown). However, analysis of duodenal ferroportin levels showed that LPS treatment reduced the iron export protein to approximately 27% of saline-injected controls in weaned mice, whereas no significant change was seen in suckling animals ( Figure 5C ). This suggests that there would be little, if any, change in the absorption of iron from the intestinal lumen in response to LPS treatment in suckling mice. Despite this, a decrease in serum iron was observed in suckling mice treated with LPS ( Figure 5D ), similar to the decrease noted in Tmprss6 knockout mice ( Figure 3D ), again suggesting that the inability of hepcidin to down-regulate ferroportin is confined to enterocytes.
Discussion
Iron is crucial for infant mammals, particularly during central nervous system development, in which iron deficiency can have lifelong consequences. 3 Adequate iron levels are maintained, in part, by the high dietary iron absorption that occurs during suckling. 1, [6] [7] [8] [9] [10] Previous studies showing that stimuli known to decrease iron absorption in adults were unable to do so before weaning 10, [21] [22] [23] have Figure 4 . Immunofluorescence localization of ferroportin protein in the duodenum of suckling and weaned mice. Duodenal tissue was taken from 15-day-old and 25-to 28-day-old C57BL/6J mice and formalin-fixed sections were stained for ferroportin protein and imaged by confocal microscopy. Ferroportin protein is shown in red and nuclei is shown in blue (4',6-diamidine-2'-phenylindole dihydrochloride). Intestinal-specific ferroportin knockout mice were used as a negative control to ensure antibody specificity. At least 6 sections were stained from each age group and representative images are shown. Fpn, ferroportin.
questioned the role of the well-characterized hepcidin/ ferroportin axis 17 during suckling. We have addressed this concern in the present study, and have confirmed that ferroportin mediates the majority of iron absorption that occurs in suckling mice, as it does in adults. Surprisingly, we saw no change in ferroportin protein levels between preweaned and postweaned mice despite an 11-fold decrease in absorption over this time. Although the reason for this is unclear, this result indicates that factors other than ferroportin protein levels can affect the efficiency of ferroportin-mediated iron transfer to the body.
Although our results clearly indicate that ferroportin is essential for the majority of iron absorption during suckling, 15-day-old ferroportin knockout mice still were able to absorb 10% of a test dose of iron. It is possible that residual ferroportin activity in the duodenum and upper jejunum may be responsible for iron absorption in these mice. Close examination of the Western blots in Figure 2A shows faint bands of the correct size in ferroportin knockout mice. However, these bands are far fainter than those seen in wild-type mice, making it unlikely that they are responsible for the 10% absorption seen in knockout animals, and are more likely to represent nonspecific background bands. Another possible explanation involves the suggestion by Ezekiel 6 in 1967 that the increased pinocytotic capacity of the immature intestine might be responsible for the high iron absorption in suckling mammals. Although largely discounted as a major iron absorption pathway, 32 it remains possible that pinocytosis may play a minor role in dietary iron uptake during suckling. . Gene and protein expression and serum iron levels in suckling and weaned mice treated with LPS. Fifteenday-old and 25-to 28-day-old C57BL/6J mice were injected intraperitoneally with either 1 mg/kg LPS in sterile saline or sterile saline alone. Four hours after injection, the mice were euthanized and tissues were taken. Relative hepatic (A) Saa1 and (B) Hamp1 mRNA expression, the (C) level of ferroportin protein in isolated duodenal enterocytes, and the (D) serum iron concentration were determined. Gene expression levels were calculated relative to the housekeeping gene Hprt and are expressed as a proportion of the 25-to 28-day-old saline-injected group. Ferroportin protein expression levels were calculated relative to b-actin and are expressed as a proportion of saline-injected controls at each time point. (C) A representative blot is shown. The number of mice analyzed in each group is indicated in parentheses under each bar. The data represent means ± SEM. 15d, 15 days old; Fpn, ferroportin; L, LPS-injected mice; 25-28d, 25-28 days old; S, saline-injected mice. *P < .05; # P < .01.
Our results also indicate that enterocyte ferroportin is hyporesponsive to the degradative effects of circulating hepcidin during suckling. Immunofluorescence studies have shown that this is not caused by changes in protein localization making ferroportin inaccessible to circulating hepcidin (Figure 4) . Furthermore, the decrease in serum iron levels in suckling mice after hepcidin stimulation suggests that the hepcidin peptide produced is able to inhibit iron release in other body tissues, implying that the hyporesponsiveness is specific to intestinal enterocytes. A possible explanation is suggested by the Western blot in Figure 1A , which shows that the ferroportin protein is smaller in suckling mice, providing evidence for the age-specific modification of the transporter in intestinal enterocytes. This may represent an alternatively spliced form of ferroportin, although differences in glycosylation also could explain the observation, with either option potentially explaining the hyporesponsiveness to hepcidin. It also is possible that the size difference is not related to ferroportin function and that a more subtle modification is occurring. A recent study suggested that many of the residues involved in hepcidin binding lie in the metal binding cavity of ferroportin, and that the binding of hepcidin prevents ferroportin from undergoing a conformational change that is essential for iron export. 33 The post-translational modification of any of these specific hepcidin-binding residues during suckling could render ferroportin unresponsive to hepcidin while retaining its iron export capacity, resulting in unregulated iron absorption regardless of circulating hepcidin levels. 34 Any modification of ferroportin also could explain our previous inability to detect the protein in enterocytes isolated from suckling rats because any agespecific modifications also may alter antibody binding in that species.
Regardless of the mechanism involved, if human infants are similarly unable to down-regulate dietary iron absorption, as some studies have suggested, 21, 22 these findings have implications for the widespread use of iron supplements. Indeed, there is evidence suggesting that the supplementation of iron-replete infants can negatively affect growth, an effect not seen in iron-deficient infants. 35, 36 An inability to down-regulate dietary iron absorption during infancy may contribute to the detrimental effect of iron supplements at this time, suggesting that health policies encouraging the universal use of iron supplements in infants should be reconsidered.
Precisely why mammals have evolved the inability to down-regulate dietary iron absorption during suckling is unclear, however, it is most likely a protective mechanism against iron deficiency, which is particularly common at this time. The altered hepcidin/ferroportin axis appears to specifically protect the intestine against the inhibitory effect of increasing hepcidin levels, which is normally a consequence of iron loading or inflammation. 19, 20 Although iron loading is rare in infants, particularly those who are breast fed, infection and inflammation are common. In adults, the increase in hepcidin production during inflammation inhibits iron release from various body cells, including enterocytes. 37 The resulting hypoferremia is thought to play an important role in host defense by limiting the supply of iron to invading pathogens. 37 Enterocyte-specific modifications that prevent increases in hepcidin from affecting ferroportin activity would be advantageous during infancy because dietary iron absorption would proceed unimpeded, whereas the effect of hepcidin on other tissues would remain, allowing a degree of hypoferremia to occur (Figure 6 ). Therefore, total body iron stores would not be affected by inflammation and the likelihood of iron deficiency occurring would be reduced. It is interesting to speculate that, if such mechanisms exist in human infants, advice to prolong breast feeding in areas where iron deficiency is common may increase the success of supplementation schemes. Obviously, more research is required to determine if such advice is warranted.
The iron binding protein lactoferrin has been suggested to play a role in iron absorption during suckling. 38 This homolog of serum transferrin is the major iron binding protein in human milk 38 and a lactoferrin receptor has been isolated from fetal enterocyte brush-border vesicles. 39 However, mice born to lactoferrin knockout mothers show no sign of reduced iron uptake during suckling. 40 In Figure 6 . The effect of hepcidin in suckling mice. (A) In suckling mice and in iron-deficient, weaned animals, circulating hepcidin is very low. This allows ferroportin to persist on the surface of cells such as enterocytes and macrophages where it facilitates iron efflux. (B) In weaned animals, after a stimulus to increase hepcidin production, circulating hepcidin causes the degradation of ferroportin, which reduces the export of iron from all body cells. This includes enterocytes, and this in turn leads to a decrease in dietary iron absorption. (C) Most body cells are affected similarly when a stimulus to increase hepcidin expression occurs during suckling, however, unknown factors render enterocyte ferroportin resistant to hepcidin-induced degradation at this time. This allows dietary iron absorption to proceed unimpeded when hepcidin levels increase, for example, during inflammation. Fpn, ferroportin.
addition, several studies have suggested that, unlike human milk, the level of lactoferrin in rodent milk is relatively low and that transferrin is the major iron-binding protein present. 40, 41 Regardless of which iron-binding protein is present, the current study and other studies from our laboratory 9, 10 have shown greatly increased iron absorption in the absence of added lactoferrin or transferrin, implying that they are not necessary for the high iron absorption that occurs during suckling, at least in rodents. Further studies have suggested a role for lactoferrin in the modulation of the intestinal microbiome during suckling, 42 rather than the protein playing a direct role in iron absorption.
In conclusion, we have shown that ferroportin is essential for the high dietary iron absorption that occurs in suckling mice, although ferroportin, and therefore iron absorption, is hyporesponsive to the inhibitory effect of hepcidin. We hypothesize that the constitutively high iron absorption during suckling provides an advantage to the developing infant by reducing the chances of iron-deficient growth occurring, particularly in sensitive organs such as the brain. This would be particularly advantageous during periods of infection and inflammation that frequently occur in infants and normally would inhibit iron absorption in adults. If a similar phenomenon occurs in human beings, these findings may have implications for the use of iron supplementation in both iron-deficient and iron-replete infants.
